Massive blooms of toxic cyanobacteria frequently occur in the central Baltic Sea during the summer. In the surface scum, cyanobacterial cells are exposed to high light (HL) intensity, high oxygen partial pressure and other stresses. To mimic these conditions, cultures of Nodularia spumigena CCY9414, which is a strain isolated from a cyanobacterial summer bloom in the Baltic Sea, were incubated at a HL intensity of 1200 lmol photons m À 2 s À 1 or a combination of HL and increased oxygen partial pressure. Using differential RNA sequencing, we compared the global primary transcriptomes of control and stressed cells. The combination of oxidative and light stresses induced the expression of twofold more genes compared with HL stress alone. In addition to the induction of known stressresponsive genes, such as psbA, ocp and sodB, Nodularia cells activated the expression of genes coding for many previously unknown light-and oxidative stress-related proteins. In addition, the expression of non-protein-coding RNAs was found to be stimulated by these stresses. Among them was an antisense RNA to the phycocyanin-encoding mRNA cpcBAC and the trans-encoded regulator of photosystem I, PsrR1. The large genome capacity allowed Nodularia to harbor more copies of stress-relevant genes such as psbA and small chlorophyll-binding protein genes, combined with the coordinated induction of these and many additional genes for stress acclimation. Our data provide a first insight on how N. spumigena became adapted to conditions relevant for a cyanobacterial bloom in the Baltic Sea.
Introduction
Cyanobacteria have an important role as primary producers in the global carbon cycle. In the central oceans, picoplanktonic cyanobacteria of the genera Synechococcus and Prochlorococcus represent the main carbon fixers (Scanlan et al., 2009) . In addition, cyanobacterial species capable of fixing atmospheric N 2 contribute substantial amounts of combined nitrogen to the marine food web (Zehr, 2011) . Cyanobacteria also represent an important part of the phytoplankton communities in coastal, brackish and freshwater ecosystems. Many of these cyanobacteria can also produce bioactive compounds, which may have allelopathic activities against other phytoplankton organisms (Paz- Yepes et al., 2013) and often exhibit toxic effects on animals, including humans (Pearson et al., 2010) . Mass developments ('blooms') of toxic cyanobacteria in coastal waters or freshwater systems have a dramatic impact on the use of these water bodies for recreational or drinking water purposes. It has been predicted that the expected future increases in global temperatures and atmospheric CO 2 concentrations will lead to the even further stimulation of toxic cyanobacterial blooms (Paerl and Huisman, 2008; Gehringer and Wannicke, 2014) .
The Baltic Sea represents a brackish water ecosystem. Massive blooms of toxic cyanobacteria occur in its central regions almost every summer. These blooms are often dominated by N. spumigena, which is a filamentous cyanobacterium that produces a cocktail of bioactive compounds including the hepatotoxin nodularin Mazur-Marzec et al., 2013) . N. spumigena is capable of N 2 fixation in specialized cells that are termed heterocysts (Sivonen et al., 2007; Ploug et al., 2011) . However, the molecular basis for bloom formation is not completely understood. It is thought that excess phosphorus combined with very low nitrogen concentrations favor the growth and bloom formation of N 2 -fixing cyanobacteria during the summer season (Sellner, 1997) . This phenomenon particularly occurs under stably stratified warm water conditions. Then, gas vesicles that provide buoyancy to N. spumigena and related cyanobacteria lead to the formation of large surface scums in the absence of mixing.
Hence, Nodularia seems to have a selective advantage in the virtually nitrogen-free conditions of the Baltic Sea, which occur during the summer as a diazotrophic cyanobacterium that has adapted to brackish waters (Möke et al., 2013) . The cyanobacterial filaments in the surface layer are exposed to extreme environmental conditions, such as high light (HL), high oxygen partial pressure and low nutrients, including iron and CO 2 . The acclimation of cyanobacteria to such conditions can be analyzed by transcriptomic techniques. Gene expression changes under HL and oxidative stress have been reported for unicellular, non-diazotrophic model cyanobacteria, such as Synechocystis sp. PCC 6803 (from here: Synechocystis) and Synechococcus sp. PCC 7002 (Hihara et al., 2001; Los et al., 2008; Ludwig and Bryant, 2012; Kopf et al., 2014) , but not for representatives of bloom-forming marine strains. Recently, small non-protein-coding RNAs (ncRNAs) have been identified in cyanobacteria that are also regulated by environmental factors Georg et al., 2014) .
Investigations with model cyanobacteria showed that the D1 protein of photosystem 2 (PS2) represents the prime target for inactivation via HL-induced oxidative stress. In almost all cyanobacteria, the D1 protein is encoded by a small gene family that comprises D1 protein forms that are preferentially used under different light and oxygen stress conditions (reviewed by Mulo et al., 2012) . Moreover, a multitude of protective measures interact to prevent extensive PS2 damage. These strategies include the non-photochemical quenching achieved via the orange carotenoid protein (Kirilovsky and Kerfeld, 2012) , the protective actions of special flavodiiron proteins (Allahverdiyeva et al., 2013) and the activation of photorespiration under very low CO 2 and high O 2 partial pressure (Hackenberg et al., 2009; Allahverdiyeva et al., 2011) .
In general, longer exposure to combined HL and oxidative stress is very unfavorable for oxygenic phototrophs and can only be tolerated by specialized organisms, such as bloom-forming cyanobacteria. Only recently, the first nearly complete genome sequence (Genbank accession number CP007203) of a cyanobacterium isolated from a Baltic Sea summer bloom has become available (Vo et al., 2013) . These data serve as a foundation for molecular studies of bloom formation using N. spumigena strain CCY9414 (hereafter referred to as Nodularia CCY9414) as a model. Here we applied the differential RNA sequencing approach (Sharma et al., 2010) , which provides comprehensive information on active transcriptional start sites. We analyzed global transcriptomic changes in Nodularia CCY9414 after exposure to HL and oxidative stress, which are characteristic for the situation in a surface scum, to identify specific adaptations to the bloom-forming lifestyle in the Nodularia CCY9414 genome. Our hypothesis was that those genes are not necessarily only expressed under these conditions in the bloom-forming cyanobacterium, but could be identified via comparison with data from Synechocystis, because they should not be present or differently regulated in cells of the non-blooming model cyanobacterium.
Materials and methods
Strain and culture conditions N. spumigena strain CCY9414 was obtained from the Culture Collection Yerseke (CCY) at the Royal Netherlands Institute for Sea Research. It was isolated from surface waters of the Baltic Sea, east of the island of Bornholm (Hayes and Barker, 1997) . Standard cultivation of axenic Nodularia CCY9414 cells was performed in cell culture bottles under N 2 -fixing conditions with nitrate-free ASN III medium (Rippka et al., 1979) supplemented with NaCl (the standard medium contained 12.5 g NaCl per liter of ASN III). The cultures were mixed daily and left to grow for 2 weeks under a 16/8 h light/dark cycle (40 mmol photons m À 2 s À 1 of light) at 20 1C. Cells of the glucose-tolerant unicellular model strain Synechocystis sp. PCC 6803 were grown in CO 2 -supplemented BG11 medium under standard conditions, as described previously (Hackenberg et al., 2009) .
For the stress experiments, Nodularia CCY9414 cells cultivated under the above mentioned standard conditions (that is, N 2 -fixing cells in ASN III containing 12.5 g l À 1 NaCl) were used, and one aliquot was collected immediately (control). The second aliquot of cells was exposed to 1 200 mmol photons m À 2 s À 1 of HL (the light source was a Leica Pradovit P150 slide projector, Leica, Braunschweig, Germany) without gassing (HL stress). The third aliquot of cells was exposed to increased oxygen partial pressure via the streaming of air enriched with 40% oxygen (GMS 600 2CH, QCAL gas mixing unit, QCAL, Oberostendorf, Germany) through the cell suspension at the control light intensity of 40 mmol photons m À 2 s À 1 (oxygen stress, þ O 2 ). The fourth aliquot was exposed to HL conditions of 1200 mmol photons m À 2 s À 1 and was additionally gassed by a stream of 40% oxygen (combined oxygen/HL stress, HL þ O 2 ). Samples were collected at defined time intervals (0.5, 3 and 8 h) after the onset of the stress conditions.
Photosynthetic activity
The photosynthetic activity of Nodularia CCY9414 and Synechocystis was measured as O 2 production using Hansatech oxygen electrodes (Oxygraph, Norfolk, UK). A total of 4 ml of cell suspension containing B3 mg of chlorophyll a per ml was used for measurements at 20 1C and 30 1C corresponding to the growth temperatures of Nodularia and Synechocystis, respectively. The cells were exposed for 5 min to light of defined photon flux rates (25-1400 mmol photons m À 2 s À 1
). Respiratory oxygen consumption was measured for 5 min in the dark, Expression profiling of Nodularia M Kopf et al in the cells exposed to the lowest light intensity. Chlorophyll a was extracted from 4 ml of cells with 90% acetone and quantified according to Arnon (1949) . The soluble amino acid concentrations were determined as described by Hagemann et al. (2005) .
RNA isolation and RT-PCR
Aliquots of 50 ml of cells obtained from the stress experiments were collected by quick filtration through sterile glass fiber filters (Whatman GF/F) that were immediately frozen in liquid nitrogen and stored at À 80 1C. Nodularia CCY9414 total RNA was isolated using a Total RNA Isolation Kit for plants (Macherey-Nagel, Dü ren, Germany) as described previously (Vo et al., 2013) . Expression of the selected genes was analyzed using reversetranscription PCR (RT-PCR). The RevertAid cDNA Synthesis Kit (MBI Fermentas, St. Leon-Rot, Germany) was used to generate cDNA from 1 mg of DNA-free RNA, using random hexamers as primers. The cDNA amounts were normalized to the constitutively expressed rnpA gene (ribonuclease P, NSP_30860). The PCR products were separated in 1% agarose gels and stained with ethidium bromide. The gene-specific primers are listed in Supplementary Table S1 .
RNA sequencing
For transcriptome analysis, cDNA libraries were constructed (vertis Biotechnologie AG, Freising, Germany) and analyzed on an Illumina HiSeq 2000 sequencer as previously described (Mitschke et al., 2011a, b) . In brief, total RNA was enriched for primary transcripts by treatment with Terminator-5 0 -phosphate-dependent exonuclease (Epicentre, Madison, WI, USA). Then, 5 0 ppp-RNA was cleaved enzymatically using tobacco acid pyrophosphatase. The 'de-capped' RNA was ligated to an RNA linker and first-strand cDNA synthesis was initiated by random priming. Second-strand cDNA synthesis was primed with a biotinylated antisense 5 0 -Solexa primer, after which cDNA fragments were bound to streptavidin beads. The bead-bound cDNA was blunted and 3 0 -ligated to a Solexa adapter. The cDNA fragments were amplified by 22 cycles of PCR. For Illumina HiSeq 2000 (San Diego, CA, USA) analysis (100-bp read lengths), cDNAs in the size range of 200-500 bp were eluted from a preparative agarose gel. Similar numbers of reads were obtained for each cDNA library, 41 519 905 reads from the control cells, 38 851 231 reads from the HL-stressed cells and 39 503 192 reads from the combined HL þ O 2 stress conditions. For normalization, the two stress libraries were scaled to the same library size as the control. Transcriptional start sites (TSSs) were predicted as previously described (Vo et al., 2013) , but with a higher read threshold of 620 normalized counts. The classification of the TSSs into gTSSs, iTSSs, aTSSs and nTSSs was carried out as previously described allowing a maximal distance of 200 nt to a downstream gene for the classification as gTSS (Mitschke et al., 2011b) .
For the detection of differentially expressed TSSs, the raw counts from all TSS positions were analyzed with the Analysis of Sequence Counts (ASC) approach (Wu et al., 2010) . Genes were considered to be differentially expressed, when a fold change 42 or o0.5 was detected between a stress condition and the control, with a probability of at least 0.95. The data were deposited into the NCBI Sequence Read Archive under the following accession numbers: control, SRR696127; O 2 þ HL, SRR1571498; and HL, SRR1572178. Figure S1a) . At both temperatures, Nodularia CCY9414 exhibited the greatest difference from Synechocystis at the highest measured light intensity. The results of this experiment supported the hypothesis that Nodularia CCY9414 has a better capability for using HL intensities for photosynthesis.
Results and discussion
To gain insight into the superior light resistance of bloom-forming cyanobacteria, we analyzed Nodularia CCY9414 under HL stress, oxidative stress induced by doubling the amount of oxygen partial pressure ( þ O 2 ) and under combined light and oxidative stress (HL þ O 2 ) conditions. These stress conditions stimulated photorespiratory activity in Nodularia CCY9414 as indicated by the increased glycine/serine ratio (Supplementary Figure S1b) , which may be considered as a proxy for increased photorespiration (Allaverdiyeva et al., 2011) . In the cells exposed to the þ O 2 stress, the highest ratios were detected after 0.5 or 3 h of stress, after which the levels began to decrease. We interpret these findings as an indication of the acclimation of Nodularia CCY9414 to the longer-term stress conditions. An increased photorespiratory flux has also been reported for cells of the bloom-forming freshwater cyanobacterium Microcystis aeruginosa under HL stress, whereas Synechocystis cells do not exhibit such behavior (Meissner et al., 2014) .
Stress-related accumulation of selected transcripts RNA isolated from Nodularia CCY9414 cells exposed to a time course of the studied stress conditions was used for an initial qualitative characterization of the stress response by RT-PCR Expression profiling of Nodularia M Kopf et al ( Figure 1 ). Transcript levels of the genes sod and ocp, which are known to be induced following exposure to HL and þ O 2 stress in several cyanobacteria (Hihara et al., 2001) , increased under all of the selected stress treatments. Under the combined HL þ O 2 stress, ocp showed a higher level of induction compared with sod, but the expression of the two genes remained elevated during the entire stress period. Under HL, ocp expression was immediately enhanced and then exhibited a declining trend following longer periods of HL exposure, whereas sod transcript accumulation peaked at 3 h. The exposure of Nodularia to the single þ O 2 stress condition caused only small changes on ocp and sod expression ( Figure 1a) .
Moreover, we analyzed the expression of genes coding for selected enzymes of photorespiratory metabolism, including pglp, which codes for the entrance enzyme 2-phosphoglycolate phosphatase, and glyk, which codes for the last enzyme in the pathway, glycerate 3-kinase (Eisenhut et al., 2008) . In particular, the glyk gene showed increased expression under the HL and HL þ O 2 stresses ( Figure 1b ), whereas pglp induction was less obvious. Finally, we analyzed the expression of ndaF, which encodes one subunit of nodularin synthase (Moffitt and Neilan, 2004) . Its expression was found to be stimulated after oxidative and HL stresses (Figure 1c) , corresponding with the increased amount of toxins that have been reported in cyanobacterial communities under similar conditions (Gehringer and Wannicke, 2014) .
Comparative transcriptome analysis
Initial RT-PCR analyses indicated that HL and especially the HL þ O 2 stress, resulted in the expected cellular response. Therefore, we compared gene expression in non-stressed cells (control) and cells exposed to the studied stress conditions by the transcriptome-wide mapping of TSSs. A total of 38 851 231 sequence reads were obtained for the HLstressed sample and 39 503 192 reads for the sample exposed to HL þ O 2 (Supplementary Table S2 ). These data were compared with a total of 41 519 905 sequence reads from control cells. To exclude very weak or possible false-positive TSSs from this comparison, we chose a more stringent TSS threshold of 620 reads, reducing the number of TSSs from the initial 6519 (Vo et al., 2013) to 3734 for the control cells. However, we also identified 849 and 746 previously unknown additional TSSs that were active after 3 h HL and 0.5 h HL þ O 2 , respectively. Among them, 300 TSSs were stimulated by both stresses, altogether leading to a total of 5029 Table S3 ).
The activation of a high number of additional TSSs under various stress conditions has also been found for Synechocystis . The highest expression levels in Nodularia CCY9414 (measured as absolute read counts) were found for the 16S rRNA operons, several ribosomal protein genes, the stressinduced genes psbA and NSP_41850, which codes for a chlorophyll-binding protein (CAB)/ELIP/HLinducible protein family, as well as the ncRNA ncf4097441 ( Figure 2 ). The TSSs were classified as gTSSs (protein-coding mRNAs), iTSSs (TSSs within protein-coding regions), aTSSs (for antisense RNAs) and nTSSs (for ncRNAs within intergenic regions) ( Table 1 , Figure 3 and Supplementary Table S2) . Recently, the activities of thousands of TSSs have been studied in the marine filamentous cyanobacterium Trichodesmium erythraeum, in which 26.7% of the mapped 6080 TSSs active under standard growth conditions were nTSSs (Pfreundt et al., 2014) . However, the 12.4% nTSSs in Nodularia CCY9414 observed in this study is similar to what has been previously reported in other cyanobacteria, for example, 12.1% in Synechocystis and 10.3% in Anabaena PCC7120 (Mitschke et al., 2011b) . Thus, the composition of the Nodularia CCY9414 primary transcriptome resembles that of other cyanobacteria, whereas that of the Trichodesmium transcriptome differs.
The full list of 5029 identified TSSs together with their expression levels are presented in Supplementary Table S3 . We have provided a visualization of all mapped reads alongside the genome, including all identified TSSs, ncRNAs and asRNAs, as Supplementary Data 1, which is searchable with Nodularia CCY9414 locus tags and gene names.
Our data set allowed for the identification of strongly up-and downregulated TSSs under the HL and combined HL þ O 2 stress conditions (Supplementary Tables S4 and S5 ). Using a 3-fold change in expression as threshold, 30 gTSSs showed increased transcription under both stresses (Table 2) . A much higher number of gTSSs (105) responded specifically to the combined application of the HL þ O 2 stress (Table 3) , whereas only 37 gTSSs are specifically regulated by HL alone (Table 4 ). These changes were statistically robust as revealed by the empirical Bayes analysis of sequence counts (Wu et al., 2010) . More genes were likely undergoing increased transcription, particularly those situated downstream in operons; however, our method only detected the 5 0 -ends of the primary transcripts. Orthologs for 18 out of the 29 genes listed in Table 2 have also been shown to be HL-induced in the model cyanobacterium Synechocystis (comparisons were performed using the CyanoEXpress database: http://193.136.227.181/ cgi-bin/gx2?n=environmental; Hernandez-Prieto and Futschik, 2012). These similarities indicate that our stress conditions and time points were carefully selected and allowed for a reliable characterization of the transcriptome associated with stress acclimation in Nodularia CCY9414. Figure 2 Global overview of all TSS with 4620 reads along the chromosome draft sequence (upper part, forward strand; lower part, reverse strand). The TSSs are color-coded according to the respective condition in which they were maximal and selected examples are annotated. For details of all mapped TSSs, see Supplementary Table S3 .
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Many of the genes listed in Table 2 code for proteins that have important roles in HL and oxidative stress acclimation. Among them, the D1 protein of PS2 encoded by the psbA gene is known to be the primary target of these stresses (Mulo et al., 2012) . Special D1 protein forms are expressed in model cyanobacteria under stress conditions, such as HL (Garczarek et al., 2008) or anoxia (Summerfield et al., 2008; Sicora et al., 2009) . In Nodularia CCY9414, the psbA gene family consists of four members. All four genes (psbA1-4) are transcribed from single TSSs as monocistronic transcripts. One of these genes (psbA1, NSP_5370) represented 490% of all reads associated with the four psbA genes but was only weakly stimulated by the HL and HL þ O 2 stress conditions. Similarly, the psbA2 gene (NSP_35290) was relatively strongly but constitutively expressed. In contrast, the psbA3 and psbA4 genes (NSP_14420 and NSP_33570) were induced by both stress conditions (5-to 14-fold). Interestingly, there are no specialized forms of D1 proteins in Nodularia CCY9414 and the proteins encoded by psbA1-4 have identical amino acid sequences. Moreover, the D1 protein in Nodularia CCY9414 exhibits sequence characteristics that set it apart from its orthologs in model cyanobacteria. It's sequence is 10% divergent from the D1 proteins encoded by psbA2/3 in Synechocystis. It is tempting to speculate that the D1 protein encoded by psbA1-4 share an amino acid sequence optimally adapted to HL conditions. We conclude that Nodularia CCY9414 uses a unique strategy to cope with HL-induced damage to PS2 and the D1 protein, because it expresses a presumably HL-adapted D1 protein form from multiple gene copies, some of which are induced under stress conditions serving as backups.
In addition to psbA, sod and ocp, five genes coding for small CABs, one gene coding for the NDH complex and one coding for the chaperone DnaJ were prominently expressed (Table 2) . CABs are binding proteins for chlorophyll a and carotenoids (Funk and Vermaas, 1999) . These proteins are rapidly induced by light stress (also called HL-inducible proteins) and have been suggested to confer protection to the photosynthetic apparatus against oxidative damage (reviewed in Engelken et al., 2012) . Nodularia CCY9414 possesses nine such genes plus a gene coding for a ferrochelatase-CAB hybrid protein compared with the four CAB genes and one encoding a ferrochelatase-CAB hybrid that have been described in Synechocystis. A Synechocystis mutant lacking all four of these HL-inducible proteins has been reported, which is sensitive to HL (He et al., 2001; Xu et al., 2004) . The presence of twice as many CAB genes in Nodularia CCY9414 compared with Synechocystis suggests that these proteins may have important roles in conferring greatly increased resilience to HL stress. An increased number of CAB genes have also been reported in HLadapted compared with low-light-adapted Prochlorococcus strains (Scanlan et al., 2009) .
Nodularia CCY9414 exhibited the activated expression of many additional genes (for example, coding for adenosine deaminase, which is a peptidoglycanbinding protein) that did not have homologs in the smaller genome of the model cyanobacterium Synechocystis or were not previously known to be regulated by HL or HL þ O 2 stress ( Tables 3 and 4 , respectively, are also HL-induced in Synechocystis). Among these genes, many code for hypothetical proteins, that is, their functions have not yet been described in model organisms. It is not unlikely that some of these proteins are involved in stress acclimation, contributing to the bloom-forming capability of Nodularia CCY9414 in a yet unknown manner. Another group of genes particularly induced following exposure to the combined HL þ O 2 stress included those coding for proteins that function in DNA structure maintenance or modification, such as uracil-DNA glycosylase, DNA methylase and nuclease. Interestingly, genes coding for two phage integrases also showed higher transcript levels in the stressed Nodularia CCY9414 cells. Cyanophages have been reported to be crucial factors that determine the fates of toxic cyanobacterial blooms (YoshidaTakashima et al., 2012) . Finally, the TSS of the ndaA gene, which is the first gene in the operon coding for the huge nodularin synthetase complex (Moffitt and Neilan, 2004) , showed threefold higher expression (corresponding to higher amounts of ndaF in our RT-PCR experiments, see Figure 1c ), indicating an increase in nodularin synthesis under bloomforming conditions. The crucial role of toxins in the HL resistance of bloom-forming cyanobacteria has been shown for the freshwater cyanobacterium M. aeruginosa that accumulates the hepatotoxin microcystin, which is similar to nodularin. Microcystin seems to have an important role in HL resistance due to its binding to the main carboxylating enzyme Rubisco (Zilliges et al., 2011) . In addition, the increased expression of genes coding for a number of proteins that are involved in enzymatic reactions as well as transport processes (for example, iron (tonB-like) and manganese transporters) was also observed. These changes indicate that stress situations resembling bloom-forming conditions induce complex metabolic reorganization. In anaerobic phototrophic bacteria, ncRNAs have been characterized as important regulators of the Protein coding genes whose TSS showed a more than threefold increase in the number of reads specifically under combined HL and oxygen (HL þ O 2 ) stress (minimum number of 620 reads at combined HL þ O 2 stress). For comparison, the expression levels after HL stress in Nodularia CCY9414 as well as the orthologs in Synechocystis are given. Genes were indicated by the suffix HL, when they were HL-induced in Synechocystis according to microarray data sets (CyanoEXpress 1.2 database; Hernandez-Prieto and Futschik, 2012) . For the complete list of TSSs see Supplementary Table S3 .
Expression profiling of Nodularia M Kopf et al response to singlet oxygen (Berghoff et al., 2009 Table S6 ). For example, one aTSS that was induced by 2.5-and 5.4-fold under the HL þ O 2 and HL stresses, respectively, was located antisense to the cpcC gene coding for the Table 2 ) are given. For the complete list of TSSs see Supplementary Table S3 .
Expression profiling of Nodularia M Kopf et al phycocyanin-associated phycobilisome rod linker polypeptide (Figure 4) . Interestingly, the gTSS-driving expression of the cpcBAC mRNA was partially inversely regulated and its read count dropped to 0.2 under HL compared with that of the control. We conclude that the asRNA to cpcC is likely functionally relevant and may contribute to the repression of cpcBAC mRNA specifically under HL. It is known from model strains that HL decreases the phycobilisome antennae size to avoid the over-reduction of PS2 (Kirilovski and Kerfeld, 2012) . Interestingly, an ortholog of this asRNA also exists in Anabaena PCC7120, in which it seems to decrease cpcBAC expression under nitrogen-limiting conditions (Mitschke et al., 2011b) . Thus, the functional relationship between the cpcBAC gTSS and the cpcC aTSS may not be limited to the HL response. The ncRNA PsrR1 has been characterized in Synechocystis as a central regulator for the adaptation of the photosynthetic apparatus to HL (Georg et al., 2014) . PsrR1 has been speculated to have similar roles in other cyanobacteria. Indeed, with the ncRNA ncr3914006, Nodularia CCY9414 possesses a likely candidate with the typical secondary structure and conserved central sequence element of PsrR1 ( Figure 5 ). This ncRNA was induced 408-and 57-fold under the HL þ O 2 and HL stresses (Supplementary Table S3 ). The much higher induction of PsrR1 expression under HL þ O 2 compared with that under HL stress alone may represent an important insight, because the effect of elevated oxygen concentrations has not been analyzed to date. Our data suggest that PsrR1 may possess an even more important function than previously considered, following exposure to combined stresses. In Synechocystis, the psaL mRNA, which is one of the PsrR1 key targets, is subjected to endonucleoytic cleavage by RNase E at a specific cleavage site located 7 nt downstream of the PsrR1:psaL interaction site (Georg et al., 2014) . A comparable mechanism possibly occurs in Nodularia CCY9414. The RNA sequencing analysis showed a sharp drop in transcriptome coverage at 7 nt downstream of one of three possible interaction sites (Figure 5c ). However, in contrast with what has been reported in Synechocystis, this sharp drop in coverage was also observed in the control. Interestingly, two different TSSs drive the transcription of psaL in Nodularia CCY9414 compared with a single TSS in Synechocystis. As both TSSs are repressed by HL, we conclude that the light-dependent repression of psaL in Nodularia CCY9414 via PsrR1 and transcriptional repression is more pronounced than in Synechocystis.
Several of the other ncRNAs likely have important roles as well. For example, the ncRNA that is transcribed from the nTSS at position 3867196r located 199 nt downstream of NSP_38130 is the template repeat RNA of diversity generating retroelement 1 (Vo et al., 2013) . In contrast to other cpc operon Figure 4 The posttranscriptional silencing of cpcBAC mRNA accumulation may involve an asRNA induced under HL. The genes NSP_24890-NSP_24950 encompassing the genes cpcBACDEF and one very short unknown gene are shown. The read accumulation for the two TSS in this region, the gTSS in front of cpcB and for the aTSS in cpcC are given according to the three investigated conditions. bacteria, in which such ncRNAs serve as templates for cDNA synthesis with subsequent recombination into protein-coding regions (Arambula et al., 2013; Pfreundt et al., 2014) , this system reported here must target mainly non-coding regions, indicated by 70 nearly identical copies of diversity generating retroelement 1 (Vo et al., 2013) . The ncRNA ncf2989119, which showed the sixth to seventh highest levels of expression at the nTSS, is an ortholog of ncRNA T1 in Anabaena PCC7120 (Mitschke et al., 2011b) , where it is controlled by HetR, the regulator of heterocyst development. Interestingly, the expression of ncf2989119 dropped dramatically under HL, which was also confirmed independently in a timecourse experiment (Figure 1d ).
Conclusion
Bloom-forming cyanobacteria such as Nodularia are expected to be well adapted to stressors, including HL and/or oxidative stress, because these conditions often occur concurrent with the formation of dense scums at the water surface. Our physiological experiments supported this assumption, because the photosynthetic activity remained high even at the highest light intensities. In addition, Nodularia CCY9414 showed signs of an increase in photorespiratory flux as have been demonstrated for M. aeruginosa, another bloom-forming cyanobacterium (Meissner et al., 2014) . Photorespiration cooperates with Mehler-like reactions catalyzed by flavodiiron proteins to dissipate excess absorbed energy in cyanobacteria (Hackenberg et al., 2009; Allahverdiyeva et al., 2011) . Activation of this physiological reaction is consistent with our observation of many upregulated genes coding for photorespiratory enzymes and flavodiiron proteins. In addition, genes for toxin synthesis enzymes were also upregulated, implying that these compounds may specifically have an important role in the cellular acclimation to conditions of bloom formation, consistent with previous observations for Microcystis (Zilliges et al., 2011) . Our transcriptomics results suggested many additional changes in mRNA levels and also in ncRNA abundance. All mentioned changes are highly supported by statistics and key genes assessed by RT-PCR showed similar trends, validating these results. Accordingly, the RNA sequencing approach allowed the identification of many differentially expressed genes for proteins that might ensure the acclimation of Nodularia and related cyanobacteria to the harsh conditions in the surface scum. They are likely important for stress acclimation, because, by analogy, many of the annotated genes code for proteins with known functions in HL and oxidative a b c Figure 5 The ncRNA PsrR1 in N. spumigena CCY9414 and its major target, the psaL gene, encoding subunit XI of PSI. (a) Sequence comparison of PsrR1 with its homologs from two strains of Synechocystis and five other filamentous cyanobacteria. The regions involved in target interaction and forming a Rho-independent terminator are annotated according to Georg et al. (2014) . (b) Secondary structural model for the Nodularia CCY9414 PsrR1. (c) Transcript accumulation for the psaL mRNA in control and two stress conditions. There are two closely spaced TSSs, at position 4046958 (TSS2) and 4046949 (TSS1) of the reverse strand, indicated by the black arrows. The psaL gene is highlighted by a blue box. Three possible sites for the interaction with PsrR1 are given. Sequence coverage shows a sharp drop (marked by a red arrow and vertical line), which indicates a possible processing site due to interaction with PsrR1 (Georg et al., 2014) .
Expression profiling of Nodularia M Kopf et al stress acclimation in model cyanobacteria such as Synechocystis. However, we found many new stress-regulated genes that code for proteins involved in metabolism, transport, DNA stability and structure, and other still-unknown functions. These proteins are likely particularly important for successful bloom formation in Nodularia and related cyanobacteria, because they were found specifically induced under conditions characteristic for this ecological situation in Nodularia CCY9414 and not before in planktonic, nonblooming cyanobacteria. Our screen for stressinduced ncRNAs revealed several that are important to stress acclimation, including the asRNA associated with the cpc operon and PsrR1 associated with photosynthetic genes. Collectively, our physiological and transcriptomic data provide many insights into the complex adaptation of the toxic diazotrophic cyanobacterium Nodularia CCY9414 to conditions prevailing under bloom conditions in its natural habitat, the Baltic Sea.
